Novel compact CPW-fed antennas with harmonic suppression are presented and investigated in detail. By inserting symmetrical slots connected to the end of CPW transmission line in the ground plane, and exploiting parasitic technique, harmonic suppression, compact size, as well as wide bandwidth are obtained. General performances of the proposed antennas are studied by equivalent transmission line circuits. Moreover, the steps of constructing such harmonic suppression antennas are derived. Eventually, the experiment results verified the validation of the proposed harmonic suppression antennas.
Introduction
The harmonic suppression antenna (HSA) has become very attractive due to its great advantages such as low cost, small size, and easy integration in wireless communication and microwave power transmission (MPT) systems [1, 2] . Conventionally, a harmonic suppression filter is chosen in these systems to avoid harmonic interference and achieve good system performances. However, it is bulky, expensive, and hard to be integrated in monolithic microwave integrated (MMIC) devices. To overcome these defects, harmonic suppression technologies for antenna have been widely investigated recently [3] [4] [5] [6] [7] [8] [9] . Defected ground plane structure (DGS) and photonic band gap (PBG) structure are widely used to achieve harmonic suppression function [10, 11] . However, most of them are focus on microstripfed antennas. Compared with the microwave-fed antennas, CPW-fed antennas exhibit even more promising merits, such as wider bandwidth, simpler structure, and easier integration with active devices and MMIC devices. It reveals us that the CPW-fed antennas with harmonic suppression will be more attractive and applicable. Nevertheless, there are only a few researches on that [12] [13] [14] , and much more works is required to fulfill its potential. In [12] , a CPW-fed broadband HSA (1.56 GHz-2.88 GHz) was achieved by exploiting PBG structures with cross-shaped lattices. Besides, by inserting symmetrical slots in the ground plane of an open-ended CPW-fed transmission line, an HSA with fairly compact size (26 mm × 15 mm) was obtained in [13] . However, the broadband HSA in [12] is limited by its rather big size, and the compact HSA in [13] suffered a quite narrow bandwidth.
In this paper, several novel compact CPW-fed antennas with harmonic suppression are presented. In order to suppress the harmonic frequencies, symmetrical slots connected to the end of CPW-fed transmission line are etched on the ground plane. Moreover, by employing parasitic technique, bandwidth enhancement is also achieved. General performances of the proposed antennas are investigated by equivalent transmission line circuits. Furthermore, the steps of constructing such HSAs are derived. Eventually, the experiment results verified the validation of the proposed HSAs.
Antenna Geometry and Mechanism

Simple Slot-Type HSA.
A normal open-ended CPWfed transmission line, as shown in Figure 1 (a), will not radiate electromagnetic energy. However, radiation behavior can be brought by creating discontinuities in the CPW-fed transmission line, and by etching slots on the ground plane. In order to excite desired resonant frequency, two simple symmetrical short-ended slots connected with the end of 2 International Journal of Antennas and Propagation the CPW transmission line were etched on the ground plane, as shown in Figure 1 (b), named antenna 1. The short-ended slots are the radiator and impedance controller. They can be expressed as series pure imaginary impedance load at the end of the CPW-fed transmission line, according to the equivalent transmission line circuits, as shown in Figure 1 (c). The imaginary part of the input impedance for antenna 1 can be expressed as. jX 1 , jX 2 are the imaginary part of the input impedances of the equivalent transmission line for the short-ended slot and the CPW feeding line, respectively,
where Z 01 , Z 02 are the characteristic impedances of the equivalent transmission line. And they depend on the width of the symmetrical slot, the height of substrate, as well as the dielectric constant of the substrate. To achieve the desired resonant frequency, we can take (1), which is derived from the equivalent T.L. circuit model, into account in obtaining the parameters of the short-ended slots at the beginning design. And then, the full-wave solver CST has been used to finalize and optimize the structure. By changing the length of the slots, the imaginary part of the input impedance for antenna 1 can be close to null, thus pure resistive input impedance can be produced. As a result, resonant can be excited at the desired frequency.
Antenna 1 was printed on a dielectric substrate with thickness of 1.6 mm, and relative permittivity of 4.5. Simulation and optimization were performed with the commercial 
software CST. And the final results, with the optimized parameters listed in Table 1 , are demonstrated in Figure 2 .
To obtain the harmonic suppression, additional antenna structures which act as a wide-band stop filter are usually required for microwave-fed antennas [15] . Generally, such structures are not necessary for the proposed CPW-fed HSAs since the open-ended CPW-fed transmission line can be expressed a wide-band stop filter. However, it can be seen from the results in Figure 2 , the simple symmetrical slots in antenna 1 cannot suppress the third harmonic frequency effectively, though it can suppress the second harmonic frequency well. In order to excite the fundamental frequency and suppress both the second and third harmonic frequencies, further studies were carried out.
The fundamental resonant frequency is supposed to be f 0 . According to what have mentioned above, the length of the symmetrical slots should be about λ/4 (λ is the wavelength of the desired resonant frequency in the substrate). As a result, the length of the symmetrical slots is also equal to 3λ 3th /4 (λ 3th is the wavelength of the third harmonic frequency in the substrate). Therefore, pure resistive input impedance is also achieved at the third harmonic frequency, which means that a spurious resonant is also excited at the third harmonic frequency. Accordingly, necessary modification must be done on the basis of antenna 1, so as to excite the fundamental resonant and suppress both the second and third harmonic frequencies. Thus, the transmission line which connected with pure reactive load is considered, as shown in Figure 3 (a).
Antenna 2 is printed on a dielectric substrate with thickness of 1.6 mm, and relative permittivity of 4.5. Two symmetrical short-ended transmission lines were connected with the end of the symmetrical slots, respectively, as shown in Figure 3 
where Z 01 , Z 02 are the characteristic impedances of the equivalent transmission lines:
We can also take (2) and (3), which are derived from the equivalent T.L. circuit models, into account in obtaining the parameters of the slots at the beginning design, and then finalize and optimize the structures by the full-wave solver. Optimized parameters of the proposed antenna 2 are listed in Table 1 . Figure 4 depicts the final results.
Bandwidth Enhancement of the CPW-Fed Capacitive
Slot Type HSA for Wideband Applications. The bandwidth limitation of antenna is probably the most serious problem in the practical applications of engineering. In order to improve the bandwidth of the proposed HSA, parasitic technique is applied, as shown in Figure 5 
jX 1 , jX 2 are the impedances of the equivalent transmission line of the two pairs of symmetrical slots connected with the CPW-fed transmission line, which can be seen as two pairs of tapered transmission line ( Figure 6 ), respectively. Z 01 , Z 02 , . . . , Z 0N , are the characteristic impedances of the equivalent transmission lines. Considering the fact that the T.L model is used to provide only the initial estimates for the antenna designed parameters and in order to simplify the design, N is chosen to be 2 in this design, that is jX 1 jX 2 = Z 01 jZ 02 tgβ((R1(R2))/2)+ jZ 01 tgβ((R1(R2))/2) Z 01 − Z 02 tgβ((R1(R2))/2)tgβ((R1(R2))/2) ,
Z 03 is the characteristic impedance of the equivalent CPWfed transmission line. Similarly, we can take (5) into account in obtaining the lengths of the slots at the beginning design and tune the geometry for the final design. Make sure that the pure resistive input impedance is obtained only at the International Journal of Antennas and Propagation two desired fundamental frequencies. Thus, both harmonic suppression and wide bandwidth can be achieved when the two fundamental frequencies are close enough. The final optimized parameters are listed in Table 1 , and Figure 7 demonstrates the final results.
General Approach of Constructing Capacitive CPW-Fed
Slot-Type HSA. General approach of constructing capacitive CPW-fed slot type HSA can be summarized from what have mentioned above. Briefly, the design procedures are as follows:
(1) etching symmetrical slots connected with the end of the CPW-fed transmission line in the ground plane,
(2) calculate the slot length according to the equivalent transmission line circuits, and try to make the pure resistive input impedance obtained only at the desired fundamental resonant frequency, 
Results and Discussion
In order to verify the validation of the proposed antennas, experiments were carried out, and the measured results are plotted in Figures 8(a) [13] . Furthermore, the proposed compact broadband HSA (antenna 3) also exhibits compact size of 40 mm × 40 mm, which is about 47% smaller in size compared with the above-mentioned broadband HSA in [12] . The radiation patterns at different frequencies (at 2.45 GHz, 4.9 GHz and 7.35 GHz) for antenna 1, antenna 2 
Conclusion
In this paper, CPW-fed antennas with harmonic suppression including the second and third harmonic frequencies are demonstrated and investigated. By etching symmetrical slots connected to the end of the CPW-fed transmission line in the ground plane, and exploiting parasitic technology, both compact size and wide bandwidth are achieved. The proposed antenna has been verified through the equivalent circuit analysis and experimental results. General construction approach of such kind of HSA has also been derived.
Given the merits such as compact size, good harmonic suppression, as well as wide bandwidth, the proposed HSA is very attractive for wireless communication and microwave power transmission applications. 
